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Abstract
This article summarizes our recent effort to fabricate electrochemically metallic nanowires and electrodes separated with
molecular scale nanogaps. The nanowires were fabricated by etching a small portion of a micron-scale metallic wire supported on
a solid substrate. The etching was controlled by continuously monitoring the conductance of the wire. When the thinnest portion
of the wire reached the atomic scale, the conductance decreased in a stepwise fashion. By further etching away the last few atoms,
a molecular-scale gap between two electrodes was created and the ballistic electron transport through the nanowire was replaced
with quantum tunneling. By depositing atoms back, the above processes could be reversed, allowing us to achieve a desired
nanowire or gap. The nanowires may be used for chemical sensor applications and the nanogaps may be used to wire small
molecules to the outside world for molecular electronics applications. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
As materials or devices shrink down to the
nanoscale, various interesting quantum phenomena be-
gin to occur, which may lead to new operation modes
or even new applications [1–3]. An important example
is conductance quantization in metallic nanowires. It
has been proposed that such nanowires may be used as
conductors for interconnections in device applications
[4,5] and as single-atom digital switches [6] in nanoelec-
tronics circuits. We have recently observed that the
conductance quantization is sensitive to the adsorption
of molecules onto the nanowire, which may lead to
applications in sensitive chemical sensors [7–9]. For
practical applications, however, a suitable method that
can mass-produce stable nanowires is needed. Another
example is electron tunneling between two electrodes
separated with an atomic or molecular-size gap. Such
electrodes may be used to wire a small molecule to the
outside world, a critical step for molecular electronics
[10–14]. Fabricating electrodes separated with such a
gap, smaller than a few tens of nm, has been a chal-
lenge to conventional techniques. Several unconven-
tional methods, including a mechanical controllable
break junction [15], electromigration [16] and electro-
chemical methods [17–19], have been reported.
This article summarizes our recent effort to fabricate
metallic nanowires that exhibit conductance quantiza-
tion and electrodes separated with molecular-scale gaps
using an electrochemical method [17,19,20]. The width
of the nanowire can be controlled flexibly by etching
atoms away or depositing atoms back onto the wire
with the electrochemical potential. Using a feedback
loop this method can fabricate a single or an array of
stable nanowires with a pre-selected quantized conduc-
tance. Further etching away the last few atoms pro-
duces a pair of nanoelectrodes separated with a
nanogap, and the ballistic electron transport for the
conductance quantization is replaced by quantum tun-
neling across the gap. Using the tunneling current
instead of the ballistic transport current as the feedback
signal, nanoelectrodes separated with stable molecule-
size gaps with the desired separation can be fabricated
[19]. We first present below a brief introduction to the
phenomena of conductance quantization and quantum
tunneling, and then focus on electrochemical fabrica-
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tion of metallic nanowires and molecular scale
nanogaps.
2. Conductance quantization and quantum tunneling
In a classical (macroscopic) metallic wire, the con-
duction electrons experience multiple diffusive scatter-
ings when they traverse through the wire (Fig. 1a). The
conductance of the macroscopic wire is proportional to
the cross sectional area and inversely proportional to
the length of the wire. When decreasing the length
below the electron mean free path, the average distance
that an electron can travel between two successive
collisions, the electron transport is ballistic (without
any collisions). If, in addition, the diameter of the wire
is shrunk to the order of the electron Fermi wavelength,
the conducting electrons in the transverse direction
form well-defined quantum modes (Fig. 1b). The con-
ductance, G, does not change continuously with its
diameter any more; on the contrary, it is quantized and





where G0=2e2/h1/13 k is the conductance quan-
tum, Ti is the transmission coefficient of each mode,
and the summation is over all the quantum modes [21].
For many metals, such as Au, Cu, Ag, Ti is close to 1,
so the conductance is given by NG0, where N=1, 2,
3… We note that the above simple picture holds nicely
for alkali metals, and approximately for many monova-
lent transition metals. However, recent experimental
evidence shows that Ti depends on the chemical valence
of the metal and may deviate significantly from 1, so
each quantum step may not be exactly 1 G0 [22].
Quantum tunneling of electrons occurs when two
electrodes are separated with a small gap. When a small
bias voltage (V) is applied between the electrodes, a
finite tunneling current (It) flows across the gap, and
this decays exponentially with the gap width according
to
ItV exp(−1.025 s) (2)
where  is the work function in electron volts and s is
the gap width in A . The sensitive dependence of the
tunneling current on the gap width is responsible for
the extremely high resolution of scanning tunneling
microscopy (STM) [23]. In our work, we take advan-
tage of the sensitive dependence to fabricate atomic and
molecular size gaps between two electrodes.
3. Fabrication of atomically thin metallic nanowires
The phenomenon of conductance quantization was
first clearly demonstrated in semiconductor devices con-
taining a two-dimensional electron gas at low tempera-
ture [24,25]. Because the mean free path of electrons in
semiconductors can be made as long as tens of m at
low temperatures, and the wavelength of the electrons
is hundreds of nm, devices that exhibit the quantum
phenomenon can be fabricated with microfabrication
techniques based on optical and electron beam lithogra-
phy. In sharp contrast, the wavelength of the conduc-
tion electrons for most metals is only a few A ,
comparable to the size of an atom. So a metallic
nanowire with conductance quantized at the lowest
steps must be atomically thin. This conclusion has been
confirmed directly by high-resolution transmission elec-
tron microscopy images that show a quantum wire
consisting of a string of atoms [4,5,26]. Such small
metallic wires cannot be easily fabricated by conven-
tional fabrication techniques. But since the energy sepa-
ration of quantum modes in metallic nanowires is large,
conductance quantization is visible even at room
temperature.
To date, the most widely used method for creating a
nanowire that exhibits the conductance quantization
phenomenon is based on mechanically breaking a fine
metal wire [27–29] or separating two metal electrodes
in contact [30–32]. One approach is to use a STM setup
[33,34], in which a metal tip is first pressed into a metal
substrate and then pulled out of contact with a
piezoelectric transducer. During pulling, the diameter
of the neck formed between the STM tip and substrate
decreases to the atomic scale before the neck is com-
Fig. 1. (a) In a classical metallic wire, the conduction electrons
experience multiple collisions when they traverse the wire. (b) A
wave-guide picture of electrons through an atomically thin metallic
nanowire. The conducting electrons transport ballistically along the
nanowire and form quantum modes in the transverse direction, which
give rise to conductance quantization.
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Fig. 2. (a) As Cu is being deposited onto the STM tip, the growing
front touches the substrate electrode, which results in a stepwise
increase in the conductance. (b) The reverse process that shows
stepwise decrease in the conductance as the Cu wire is being slowly
dissolved.
Our first setup used an electrochemical STM in
which the tip was held at a fixed distance (10–150 nm)
from the substrate in 1 mM CuSO4+0.1 M H2SO4.
The tip potential was set at a value between 0 and
−100 mV (vs. SCE) and the substrate potential was
kept at a more positive potential so that Cu deposited
predominantly on the tip and grew towards the sub-
strate. To ensure a localized growth of Cu at the end of
the tip, the tip was coated with Apiezon wax [38–40].
When the growing Cu reached the substrate, a contact
or wire was formed between the substrate and tip, and
the conductance jumped suddenly to 2e2/h. Further
deposition resulted in an increase in the diameter of the
nanowire that bridged the tip and substrate, during
which the conductance increased in a stepwise fashion
with a separation of G0=2e2/h between adjacent
steps (Fig. 2a). The conductance quantization was also
observed by carefully monitoring the current between
the tip and substrate during the etching of the Cu
nanowire (Fig. 2b).
The STM setup described above demonstrated that
metallic nanowires with quantized conductance could
be fabricated by electrochemical deposition or etching.
The use of STM has, however, several drawbacks.
First, it lacks long-term stability, which is not desirable
for applications and measurements. Second, the STM is
expensive and bulky. Finally, the STM setup can fabri-
cate only one nanowire at a time. These drawbacks can
be largely removed by replacing the STM setup with a
thin metal wire supported on a solid substrate [17]. In
the setup, we started with a thin (5–25 m) Cu wire
attached to a glass substrate (Fig. 3). The wire was
coated with an insulation layer (wax or 5-min-epoxy)
apart from a region smaller than 1 m near the center.
The central region was then exposed to 1 mM
CuSO4+100 mM H2SO4 for electrochemical etching
which was controlled by adjusting the electrochemical
potential of the wire. During etching the conductance
of the wire was monitored continuously by measuring
the current through the wire while maintaining a fixed
bias voltage across it. A further improvement was made
by replacing the thin metal wires individually glued on
the glass substrate with an array of micron-scale wires
fabricated on an oxidized Si chip using semiconductor
microfabrication techniques (Fig. 4) [7,8].
The electrochemical fabrication method offers a
number of new opportunities for studying quantum
transport in metallic nanowires. First, the high stability
allowed us to study the mechanical properties of the
nanowire itself and also the effect of adsorbates on it,
which is an ongoing project in our group. Second, our
method brings the study of quantum transport in
metallic nanowires into the electrochemical environ-
ment, making it possible to study the effect on the
conductance quantization due to various electrochemi-
cal processes. For example, we have studied the scatter-
pletely broken. Another commonly used technique em-
ploys a mechanically controllable break-junction
(MCB) [35,36]. In this case, one starts with a macro-
scopic notched wire or a microfabricated metal bridge
mounted on a flexible substrate. The wire (or bridge) is
broken and re-connected by piezoelectric control of the
substrate bending. A major advantage of these methods
is that nanowires can be produced quickly and repeat-
edly, but the use of piezoelectric transducers is not
always desirable. For instance, since each nanowire
needs a piezoelectric transducer, it is not easy to create
an array of nanowires using the mechanical methods.
We have recently developed an electrochemical etch-
ing and deposition method to fabricate metallic
nanowires with quantized conductance. We note that
metallic nanowires with a diameter as small as 10 nm
have been fabricated electrochemically using etched ion
tracks in membranes or thin mica sheets as templates.
Recently Penner’s group has fabricated Mo nanowires
using sharp atomic steps on graphite as template [37].
Conductance quantization cannot be observed in these
wires because a 10 nm-diameter is still much greater
than the electron Fermi wavelength (a few A ) of typical
metals. Instead of using a template to control the
diameter of the nanowire, our method relies on in situ
monitoring of the conductance. When the conductance
becomes quantized, an atomically thin metal wire is
created.
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ing effect on the quantized conductance by adsorbates,
which may lead to chemical sensor applications [7,8].
Third, in terms of applications, our method involves no
mechanical movement; it has, therefore, the potential
advantages of being faster, more stable and easier to
incorporate the fabricated nanowires into conventional
microelectronics than the mechanical methods.
4. Fabrication of nanoelectrodes separated with a
molecular scale gap
As we have discussed above, the narrowest portion of
a metallic wire with conductance quantized at the low-
est quantum step is atomically thin. Further etching
away the last few atoms results in a small gap separat-
ing two facing electrodes [19,41]. Consequently, the
conductance collapses from the lowest quantum step as
ballistic electron transport is replaced by quantum tun-
neling. The tunneling current also changes in a stepwise
fashion (Fig. 5), but the step height is three to four
orders of magnitude smaller than the conductance
quantum, 2e2/h. Furthermore, the steps in the tunneling
current are not equally spaced; instead their heights
increase exponentially with the current (note that loga-
rithmic scale is used in Fig. 5) [17,20]. We believe that
the stepwise change is due to the discrete nature of
atoms, leading to a discrete change in the gap.
Fig. 4. Scanning electron microscopy images of an array of Au
electrode pairs on a Si/SiO2 substrate fabricated by electron beam
lithography and optical lithography. They were covered by a Si3N4
insulation layer to eliminate leakage current except for a small
window of 10×10 m2 shown.
Fig. 3. Schematic drawing of the experimental setup in which a single
or an array of metal wires is supported on a glass substrate. Each
wire is covered with a layer of insulator except the central portion,
which is then etched electrochemically until the conductance quan-
tization appears.
Knowing the tunneling current, the gap width can be
determined using the relation, Itexp(−1.025 s),
sometimes written as Itexp(−ks), where k is a con-
stant. In order to extract the gap width, we determined
the constant, k, experimentally using the STM setup. In
the experiment, we first deposited Cu onto the tip
electrode, and then measured the tunneling current as
the gap width was varied continuously with a piezoelec-
tric transducer (inset of Fig. 5a). A k value of 0.98
0.12 A −1 was reproducibly obtained, which is
somewhat smaller than the value in vacuum and in
excellent agreement with the result reported in the
literature [42].
Using the relation and the measured k, we found that
a step in the tunneling current corresponded to a typi-
cal gap change of 0.5 A . This value is well below the
interlayer spacing (2 A ) of a Cu crystal, which means
the growth at the end of the electrode is not a simple
layer-by-layer process. This unexpected observation
may be understood by atomic reconfiguration, as a
spontaneous and energy-driven process. This is com-
mon in reduced dimension systems, which are stable
only in the so-called magic configurations [43].
When an atom is deposited onto the nanometer scale
electrode, instead of simply sitting on the surface of the
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electrode, the deposited atom and the other atoms at
the very end of the electrode may undergo a structural
relaxation to another stable configuration, which results
in a smaller change in the gap than the interlayer
spacing. The tendency that the gap stabilizes at discrete
steps of 0.5 A as reflected in the stepwise change of the
tunneling current allowed us to fabricate nanogaps with
sub-angstrom precision by controlling the tunneling
current at various stable steps. In order to fabricate
such nanoelectrodes effectively, a feedback loop is used
which compares the measured tunneling current, in-
stead of ballistic transport current, with a target value
to determine whether to etch, deposit, or stop the
electrochemical processes completely. Using the proce-
dure we have been able to fabricate routinely stable
molecular scale gaps with a precision of 0.5 A (Fig.
6). The gap width sometimes fluctuates between
plateaus with a typical height of 0.5 A (insets of Fig.
5b and Fig. 6). We attribute the fluctuations to a
dynamic equilibrium between deposition and etching
that switches the atoms between two stable configura-
tions. This explanation is supported by the observation
that the fluctuations diminish by moving the nanoelec-
trodes out of the electrolyte after the formation of the
nanogaps. Another interesting observation is that gaps
are quite stable even if a small (a few tens of mV)
etching or deposition overpotential is applied to the
electrodes.
The electrodes separated a molecular-scale gap may
be used to connect a small molecule to the outside
world, which is known to be a difficult task in the
development of molecular electronics. Using e-beam
techniques, a gap as small as 5 nm between two elec-
trodes has been reported [44], but the gap is still too
large for many interesting molecules. To meet the need,
several unconventional methods have been attempted
to make a gap smaller than 1 nm. One method is
based on mechanically breaking a metal wire into two
electrodes (break junction) [28]. Using the method, the
gap can be adjusted flexibly and precisely to fit different
molecules, but the involvement of mechanical parts is
not desirable for device applications. An ingenious
non-mechanical method based on electromigration was
developed by Park et al. [16,45]. The method has a
built-in self-termination mechanism and can achieve a 1
nm gap, but the gap width cannot be controlled once
formed. Using the electrochemical method described
above, a molecular-scale gap can be fabricated re-
versibly. By bridging the gap with polyaniline, we have
recently demonstrated a conducting polymer nano-
switch [41].
5. Summary
We have described a non-mechanical method to fab-
ricate metallic nanowires between two bulk electrodes.
We adjust the diameter of each wire by slowly etching
metal atoms away or re-depositing atoms onto the
nanowire, which can be controlled flexibly by the elec-
trochemical potential of the electrodes. When the di-
ameter reaches the atomic scale, the conductance is
quantized with a tendency to stabilize near the integer
Fig. 5. Stepwise change of the tunneling current (natural logarithmic
scale) as Cu is deposited onto the electrodes. The inset at the upper
left of (a) shows that the tunneling current changes exponentially as
the gap is varied with a piezotransducer, which is used to calibrate the
relative gap width. The absolute gap width shown in the plots was
estimated by assuming that the zero-gap width occurs at the quan-
tum-point contact. The inset at the lower right of (b) shows that the
tunneling current often fluctuates between steps on its way up.
Fig. 6. A molecular-scale gap between two electrodes on oxidized Si
can be fabricated and stabilized with a precision of 0.5 A using the
tunneling current as the feedback signal. Noise due to fluctuations
between two stable configurations, corresponding to a gap width
change of 0.5 A , are frequently observed.
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multiples of G0=2e2/h at room temperature. By etch-
ing away the last few atoms in the metal wire, a pair of
electrodes separated with a molecular-scale gap has
been fabricated. The ballistic transport responsible for
the conductance quantization is replaced with electron
tunneling. Using the tunneling current as a feedback
signal, we have demonstrated that stable molecular-
scale gaps can be fabricated with atomic precision,
which can be used to probe electron transport through
small molecules.
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